A subarea analysis capability is needed in conjunction with dynamic network analysis models to allow consideration and rapid evaluation of a large number of scenarios and to support transportation network planning and operations decisions for situations that may not require analysis on a complete network representation. Focusing on how to provide an up-todate time-dependent OD demand matrix for the subarea network, this paper describes a twostage subarea demand estimation procedure. The first stage uses path-based traffic assignment results from the original network to generate an induced OD demand matrix for the subarea network. The second stage incorporates an iterative bi-level subarea OD updating procedure to find a consistent network flow pattern by utilizing the induced OD demand information and archived traffic measurements in the subarea network. An excess-demand traffic assignment formulation is adopted to model the external trips that traverse or bypass the subarea network. This formulation allows vehicular flow to respond to traffic conditions resulting from network and operational changes in the subarea, and it can be nicely interpreted in an entropy maximization framework. The proposed procedure is illustrated in a case study using the Los Angeles subarea network extracted from the Southern California Association of Governments regional transportation planning network.
INTRODUCTION
Dynamic traffic assignment (DTA) methods address many of the limitations of static planning tools, and provide planning agencies with modern approaches to tackle emerging challenges. Simulation-based DTA systems (1-3) systematically combine (1) dynamic network assignment models, used primarily in conjunction with demand forecasting procedures for planning applications, and (2) traffic simulation models, used primarily for traffic operational studies to capture the evolution of traffic flows in a traffic network, which result from the decisions of individual travelers making path choice decisions. By considering the time-varying nature of traffic flows, DTA can produce practically useful estimates of state variables such as speeds, queue lengths, delays, and congestion effects to better assess the functional and environmental impacts of a variety of traditional and emerging transportation planning measures. However, DTA models require high-level representation of the transportation system components, leading to a more challenging planning process. The preparation of networks with the required level of detail is one of the most cumbersome steps for DTA planning applications. Because original traffic networks utilized by metropolitan planning organizations are generally developed for conventional static planning applications, they lack several essential features such as time-dependent OD demand input, highway interchange modeling, and signal control information for an operational planning tool. Therefore, development of a transportation network for any DTA modeling tool calls for careful integration, and in some cases reconciliation of different data sources.
Subarea analysis is an essential capability for integrating DTA-based operational planning tools into regional planning applications for several reasons. First, analyses of operational decisions and Intelligent Transportation System (ITS) deployment alternatives generally require a high level of detail in only a portion of the regional or metropolitan area network rather than in the entire network. In many cases, greater level of detail in network and operational strategy representation is necessary only for directly affected areas, not for outer reaches of the network. In other cases, large-scale regional networks entail minimal secondary and tertiary impacts outside a given subarea due to weak structural interactions, in which case a subarea analysis would be satisfactory. Another case where subarea analysis is of great use is that when the analysis is of special concern of a local organization, jurisdiction or an authority and the analysis boundaries are determined by their specific needs. The computational advantages of using a subarea network instead of a large regional network are also evident for cases where consideration and rapid evaluation of large number of policy scenarios are needed.
Several modeling challenges must be addressed in the subarea analysis problem in the DTA modeling framework. These challenges are due to complex interaction between demand and supply sides of the original network and the subarea network. For example, it is desirable for the network model at the subarea level to retain the capability to capture changes in overall demand in the original network (more specifically, for demand with at least one trip end outside the subarea) in response to changes in supply in the subarea. Of particular importance is the need to estimate up-to-date time-dependent OD trip desires for the subarea analysis. Essentially, the subarea OD demand information could be obtained by two different approaches: (1) calculating subarea OD demand using the traffic assignment result in the original network; and (2) estimating OD demand based on real-world traffic measurements in the subarea. The first approach is also referred as the induced OD matrix construction problem in Larson et al. (4) and the term is adopted in this study to define the reduced or aggregated OD matrix which is obtained by considering only subarea related demand in the overall network.
Several aggregation techniques have been proposed to construct the induced OD demand matrix. For example, the Drive Project (5) described a two-step procedure. The first step performs an equilibrium assignment in the complete network to obtain path flow information, which is used in the second step to calculate an induced OD matrix for the subarea. Given the static equilibrium link flow solution in a subarea network, Larson et al. (4) proposed an entropy maximization model to construct the most likely route flow pattern (among route flow patterns that are consistent with the given link flow solution pattern in the extracted network).
Growing interest in the application of simulation-based DTA models has been accompanied by several studies on the estimation of dynamic OD trip desires. Substantial research has been devoted to the dynamic demand estimation problem using time-varying link counts. Early models (6,7) were proposed to estimate time-dependent OD flows on individual components, such as a single intersection or a freeway facility; these models aim to estimate unknown dynamic OD split fractions based on the entry and exit flow measurements, under the simplifying assumption of constant link travel time. Extending the concepts and solution methodologies of the static OD estimation problem, Cascetta et al. (8) proposed a generalized least-squares (GLS) estimator for dynamic OD demand based on a simplified assignment model for a general network. A bi-level generalized least-squares optimization model and an iterative solution framework have been proposed by Tavana and Mahmassani (9) to estimate dynamic OD demand and to maintain internal consistency between the upper-level demand estimation problem and the lower-level DTA problem. Tavana (10) also provided an extensive literature review of the dynamic OD demand estimation problem and its inherent connection to the dynamic traffic assignment problem. Zhou et al. (11) and Mahmassani and Zhou (12) presented several dynamic demand estimation and updating methods for planning and operational applications using multi-day traffic measurements.
Providing time-dependent OD demand for subarea analysis represents a new class of demand estimation problems that are of growing importance in deploying DTA for planning applications. It differs considerably from the conventional OD demand estimation problem with a target demand table, because the traffic assignment solution obtained for the complete network does not directly provide a compatible reference for the time-dependent OD matrix in the subarea. As the historical OD demand data, which are typically the basis of induced OD demand construction, cannot provide up-to-date demand inputs, it is necessary to utilize other archived traffic measurements to capture network system dynamics. A sound demand updating procedure for subarea analysis, moreover, needs to maintain elaborate linkages between the subarea and surrounding area and to maintain essential structural information on OD, path and link flow patterns in the reduced subarea network.
This paper describes a two-stage subarea demand estimation procedure to provide time-dependent OD trip information for subarea analysis. Following the problem definition and process overview in the next section, a detailed description of the induced demand calculation procedure is given in the third section. An excess-demand traffic assignment formulation is then applied to accommodate possible changes in external trips, which is consistent with an entropy maximization derivation Finally, a case study based on a largescale regional planning network is presented to illustrate the proposed procedure.
PROBLEM STATEMENT AND PROCESS OVERVIEW
Consider a large-scale regional traffic network with a set of nodes connected by a set of directed links. The zonal structure of the entire network is defined by multiple origin zones u∈U and destination zones v∈V, and the static OD trip desires in the complete network are expressed as the number of vehicle trips d u,v traveling from origin zone u to destination zone v during the analysis period of interest. As a subset of the regional traffic network, the subarea network is defined by a set of nodes N and a set of links L, with L' ⊆ L denoting the subset of links with observations in the subarea. The subarea boundary is assumed to be prespecified by traffic planners, the subarea zonal structure is specified as a set of origin zones I and a set of destination zones J, and the analysis period of interest is discretized into departure time intervals τ=1, 2, …, T d . Accordingly, the time-dependent OD trip desires in the subarea are expressed as the number of vehicle trips d i,j,τ , traveling from origin zone i to destination zone j in departure time interval τ , ∀ i ∈I, j ∈J and τ=1, 2, …T d . Given a historical OD demand matrix in the complete network, the predefined subarea boundary, time-dependent traffic measurements for a subset of links in the subarea, that is, measured link flow c l,t on link l∈ L' during observation interval t=1, 2, …., T c , the objective of the subarea demand estimation problem is to find a consistent subarea time-dependent OD demand matrix.
The proposed procedure includes two stages where the output from one stage is input to the next. In the first stage, path flow patterns in the complete network are generated to calculate the induced OD demand in the subarea network. To consider all trip desires that might use the transportation facilities in the subarea, the induced OD demand table should not only include the demand originating and/or terminating in the subarea network, but also include vehicular flows passing through the subarea network. The induced OD demand information is then combined with available real-world traffic observations in the second stage to update the subarea OD demand matrix. 
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STAGE I: INDUCED DEMAND CALCULATION
In order to obtain the best estimate of time-dependent travel time on virtual links, this study first converts the given historical static OD matrix to a time-dependent OD table with a timeof-day profile, and then a path-based dynamic traffic assignment program, namely DYNASMART-P (2,3), is used to load the OD demand onto the complete network to generate the path flow pattern in the entire network. The network path flow pattern can be expressed in terms of the number of vehicles f u,v,h,τ from origin u to destination v using path h at timeτ . Conceptually, the traffic assignment process can be written as
(1) where F = simulated/induced path flow vector, with elements [
TAP = traffic assignment process function
The traffic assignment process maintains the flow conservation equations between OD flows and path flows on the complete network, that is,
where the sum in Eq. (2) is taken over all paths h between u and v at each departure time interval τ.
The induced OD demand can be obtained by identifying all path flows that use the subarea network. To clearly visualize the mapping between path flows in the complete network and aggregate OD flows related to the subarea network, one can partition all the OD zones in the complete network as either internal or external zones with respect to the subarea, and accordingly categorize all the OD pairs in the complete network into the following four groups:
FIGURE 2 Four types of paths with respect to subarea network.
In the E-E path group, we can further consider three subgroups: (d1) only using the complement network, (d2) traversing the subarea network and (d3) bypassing the subarea network. Clearly, all the nodes along a path in group (d1) are located in the complement network. It should be noticed that, an E-E path that passes through the subarea network can 7 enter and exit the subarea network multiple times. In this study, we can define a subpath as the portion of the original path that starts from the first entering zone to the last exit zone in the subarea. If more than half of the path trajectory along a subpath is located inside the subarea network, we classify the path in group (d2). Similarly, a subpath in group (d3) has more than half of its trajectory located in the compliment network. Another simple rule is that a subpath with more than 50% of its travel time spent in the subarea network is considered as a traversing path, otherwise it is specified as a bypassing path. As both types of flows in subgroups (d2) and (d3) can respond to possible transportation policy changes in the subarea, the trip rates in the induced OD demand matrix should include path flows in both (d2) and (d3). The flow equation for induced OD can be written as
where
is the time-dependent path flow indicator,
=1 if zones i and j are the first entering zone and last exit zone for path flow (u,v,h,τ') traveling into the subarea at time τ,
The following describes the algorithmic implementation of equation (3). 
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Excess-Demand Traffic Assignment Formulation
After calculating trip desires using the subarea network, the next question is how to model the response of traversing and bypassing E-E trips to traffic condition and operational policy changes in the subarea. Because the demand structure of the subarea network is not independent from the rest of the network, a realistic subarea analysis model needs to maintain a connection between the extracted subarea network and the original network. For example, if the level of service in the subarea degrades, the vehicle flows originally traversing the subarea could shift to the surrounding area and become bypassing flows. Note that, for I-I, E-I, and I-E OD pairs some subpath flows might also use the complement network. For simplicity, we only focus on E-E OD pairs in this study. As shown in Figure 3 , we introduce the virtual links between each boundary OD pair (i,j) in the subarea network to accommodate bypassing E-E flows that originally use the surrounding area. The mathematical model for determining the flow split between traversing and bypassing E-E trips is given as follows. Total OD demand for subarea OD pair (i,j) is expressed as: 
FIGURE 3 Virtual link for OD pair (i,j).
In the following, an excess-demand formulation is adopted to capture the existing split of E-E OD flows between the subarea network and the complement network. For each boundary OD pair, we consider a simple flow split function: are average travel times for paths (i,j,τ) traversing and bypassing the subarea network respectively, and θ i,j is a dispersion parameter to be estimated.
The above formula can be interpreted as estimating the most likely route flow pattern based on the maximum entropy principle. Because the complement network is not physically modeled, we need to re-construct the E-E path flow pattern in the subarea network. There exist many possible combinations (or states) of traversing and bypassing flows in the subarea network. The entropy maximization principle provides a criterion for choosing the distribution that maximizes path flow entropy subject to two constraints, namely the total flow constraint and the total travel time constraint. The number of combinations for (8) subject to constrains (4) and (7) .
The corresponding Lagrangian function is (subscripts (i,j,τ) are omitted for simplicity) Essentially, the optimization problem produces an analytical optimal solution in the same Logit-type form as (5) . Similar derivations that map equilibrium link flows to the most likely route flow pattern can be found in Larson et al. (4) and Rossi et al. (13) . Detailed mathematical treatment of the entropy optimization theory can be found in (14) . After calculating the bypassing and traversing flow proportions and the corresponding travel times based on the traffic assignment result on the complete network, we can further calibrate the coefficient θ i,j for each OD pair.
The traffic assignment model with elastic demand can be solved by the standard fixed demand traffic assignment program through network representation. In our implementation, virtual links are not physically modeled in the subarea network for the dynamic traffic assignment program, and the elastic demand is assigned to the subarea network according to the following three steps. Given induced OD demand information from the first stage and time-dependent link measurements, the dynamic OD demand estimation procedure aims to find a consistent timedependent OD demand table that minimizes (1) the deviation between estimated link flows and observed link counts (2) the deviation between the network flow pattern to be updated and the induced network flow pattern in the subarea. The induced network flow pattern can be expressed in terms of OD flows, path flows and link flows in the subarea. In the context of dynamic traffic assignment, especially in congested networks, the mapping matrix between OD demand and link flows are not constant and are, themselves, a function of the unknown OD demand values. A bi-level dynamic OD estimation formulation (11) is adapted here. Specifically, the upper-level problem aims to estimate the dynamic OD trip desires based on given link counts and flow proportions, subject to non-negativity constraints for demand variables. The flow proportions are in turn generated from the dynamic traffic network loading problem at the lower level, which is solved by a DTA simulation program, with a dynamic OD trip table calculated from the upper level. The weights w 1 , w 2 , and w 3 associated with the combined deviations could be interpreted as the decision maker's relative preference or importance belief for the different objectives or different information sources. They could also be considered as the dispersion scales for the error terms in the ordinary least-squares estimation procedure. Several interactive multiobjective programming methods can be applied in this context to determine appropriate weights that lead to best compromise solutions for inconsistent information sources, for example, sensed traffic counts vs. simulated traffic counts on the same link. Essentially, a representative subset of non-dominated solutions is first generated by varying the weights, and then the decision maker (i.e. planner) can determine the weight based on the following three criteria: minimum combined deviation, best trade-off as well as minimum distance from the ideal point. Since the temporal patterns in the induced OD demand and simulated timedependent link counts are generated from an external time-of-day profile, rather than being observed directly, in order to avoid possible estimation biases, the following estimator only considers total induced demand and total simulated link counts over the planning horizon. In other words, the actual measured time-dependent link counts c l,t will play a major role in inferring the temporal characteristics of the subarea OD demand matrix. Detailed assessment along this line can be found in (11) . The following details the iterative bi-level dynamic OD demand updating procedure. The final output is a time-dependent OD demand matrix ready for the subarea analysis. Let k be the iteration number.
Step 1:
, the induced OD demand matrix, as an initial demand matrix D 0 , generate link-flow proportions P 0 from the DTA simulator.
Step 2: (Optimization) Substituting link-flow proportions P k , solve the upper level OD estimation problem to obtain demand D k .
Step 3: (Simulation) Using demand D k , run the DTA simulator to generate new link-flow proportions P k+1 .
Step 4: (Evaluation) Calculate the combined deviation according to objective function (9).
Step 5: (Convergence test) If the convergence criterion is satisfied (estimated demand is stable or no significant improvement in the overall objective), stop; otherwise k = k +1 and go to Step 2.
To obtain a unique solution to the above ordinary least-squares formulation, one needs to ensure that the number of unknown variables (time-dependent OD demand flows) is not greater than the sum of the number of independent link observations c l,t , the number of OD pairs in the demand matrix j i d , and the number of induced link flow counts l f . In fact, in the above OD demand updating problem, the system identification condition is relatively easer to satisfy than in the standard OD demand estimation problem, since a large number of simulated link counts obtained from assignment in the complete network are available in the subarea network. If the system is still underdetermined when including all the links in the subarea, the simulated path counts can be introduced to increase the number of constraints. Accordingly, path-flow proportion matrices should be generated from the lower-level DTA program to map subarea OD flows to path flows. On the other hand, to reduce the computational effort associated with the nonlinear optimization program, one can select a set of critical links and critical paths to construct the "target" network flow pattern, as opposed to including all links and paths in the subarea.
CASE STUDY: ILLUSTRATION OF THE PROCEDURE ON LOS ANGELES SUBAREA NETWORK
The test network used for this study is the regional transportation planning network of the Southern California Association of Governments (SCAG Figure 4 -(a), the rectangle shown in the complete network plot marks an approximate boundary of the subarea. The subarea network on which the OD estimation procedure is applied is shown in Figure 4 -(b). The network characteristics for both complete and subarea networks are given in Table 1 . The input data was obtained from the SCAG regional planning model. In this static transportation planning model, the OD demand matrix for the complete network covers the AM peak period (6:00 am to 9:00 am), corresponding to a 3191 by 3191 matrix. The matrix was converted to a time-dependent OD table with a time-of-day profile, and the signal control data were generated using an approximation approach because the detailed signal timing data was not available at the time of this study.
After compiling the necessary input data for the complete network, we run DYNASMART-P with an initial OD demand to obtain the simulated path flows. As shown in the procedure in Figure 1 , the first stage outputs an induced OD matrix for the subarea. At the second stage, the induced dynamic OD demand is updated by utilizing both archived traffic Table 2 lists average estimation errors under two scenarios: (1) induced OD demand only, and (2) induced OD demand with archived traffic measurements. Clearly, additional up-to-date traffic measurements can capture the time-varying traffic patterns in the subarea network and significantly reduce the estimation errors for three major traffic measures. Figure 5 details the time-varying measured and simulated volume on two links between 5:00 am to 6:00 am. It should be noted that, the simulated link volume profile under a 5-min aggregation interval shows a more slowly changing pattern than the counterpart under a 1-min aggregation interval, while simulated 1-min link volume data are able to reveal the underlying dynamic nature of traffic flow patterns. It should be noted that, this preliminary case study is performed to illustrate the procedure on a real world network with limited information. Further work is needed in both network specification and model calibration to improve the overall system estimation performance. Especially, because no real-world path flow data are currently available to calibrate the proposed excess-demand assignment model, in this study, the important split fractions between bypassing and traversing E-E trips are estimated only from the simulation results, and they remain unchanged in the subarea OD demand estimation process. A more systematical and sound estimation procedure should integrate the unknown split fractions into the current OD demand estimation framework. In other words, link observations in the subarea network should be used to estimate and adjust the split factions, in addition to average travel times for using the subarea and complement networks. 
CONCLUSION
The dynamic traffic assignment methodology overcomes many of the known limitations of static tools used in practice, and increasing need for DTA deployments calls for a consistent way to combine regional static models with operational planning models. Particularly, the computational intensiveness of simulation-based DTA methodologies places limitations on the application of such tools to large-scale networks. To allow the consideration and rapid evaluation of large numbers of scenarios, this paper has described a two-stage subarea OD demand estimation procedure to construct and update important time-dependent OD demand input for subarea area analysis. The first stage effectively utilizes path-based traffic assignment information to calculate the path flow pattern in the complete network and then to construct a comparable target demand matrix for the OD demand estimation problem in the subarea. The proposed elastic demand traffic assignment formulation allows externalexternal trips to respond to traffic conditions resulting from network and operational changes in the subarea, and it can be nicely interpreted from an entropy maximization framework. In the second stage, archived time-dependent traffic measurements are utilized to update the induced demand matrix, and this OD updating method enables the OD trip matrix used in the subarea analysis to capture current demand and network flow patterns. The case study illustrates a practical and sound procedure for DTA-based subarea analysis applications, and demonstrates effectiveness of combining ITS traffic measurements with conventional planning data in DTA deployment. Essentially, the use of traffic measurements increases the performance of OD estimation procedure, and path-based simulation-assignment systems can provide an evolving platform for integrating operational considerations in planning models for effective decision support.
Since the subarea network and corresponding zonal structure provide the fundamental input to the subarea OD demand estimation problem studied in this paper, successful deployment of DTA models in subarea analysis also places a great need for rigorous formulations and practical solution procedures for the network extraction and zonal aggregation problems. Additionally, it is desirable to systemically evaluate the value of information and reliability associated with the induced OD demand matrix and real-world traffic measurements so that the decision maker can better allocate scarce data collection resources to improve the final quality of OD estimation. 
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